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a  b  s  t  r  a  c  t
This work aims to study the influence of the tool rotational speed and tool traverse speed
on  dissimilar friction stir butt welds on 3 mm thick AA5083 to commercially pure copper
plates. Complex microstructures were formed in the thermo-mechanically affected zone,
in  which a vortex-like pattern and lamellar structures were found. Several intermetallic
compounds were identified in this region, such as Al2Cu, Al4Cu9 and these developed an
inhomogeneous hardness distribution. The highest ultimate tensile strength of 203 MPa and
joint efficiency of 94.8% were achieved at 1400 rpm tool rotational speed and 120 mm/min
traverse speed. Placing the softer material (aluminium) on the advancing side produced an
excellent metallurgical bond with no requirement for tool offsetting.Dissimilar joining
AA5083
©  2020 The Authors. Published by Elsevier B.V. This is an open access article under the
CC  BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
tortion [11–14], the friction stir welding (FSW) technique canCommercially pure copper.
1.  Introduction
Dissimilar aluminium/copper joints are commonly used
where there are advantages in partially replacing the copper
with aluminium for certain engineering applications such as
electrical connectors, tubes of heat exchangers, transformer’s
foil conductors and capacitor foil windings [1–4]. This is largely
driven by the similarities in the electrical properties of each
metal. Beyond this, the reduced cost and the lower mass of alu-
minium renders it an attractive partial substitute for copper
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creativecommons.org/licenses/by-nc-nd/4.0/).[5–7]. In circumstances where there is a need to weld the sub-
stitute aluminium part to pure copper, significant challenges
emerge as a result of the differences in chemical compositions
and the mismatch in the physical and mechanical proper-
ties of each metal [8–10]. Based on the relative advantages
against conventional fusion welding processes, i.e. absence
of porosity, solidification cracking, oxidation and lower dis-replace the conventional joining methods due to its capability
to produce defect-free weld on dissimilar metals and alloys
[15–17].
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Table 1 – Chemical composition (in wt.%) of AA5083.
Si Mg Cu Mn Zn Ti Cr Fe
0.98 4.0 0.10 0.70 0.25 0.15 0.10 0.40
Table 2 – Chemical composition (in wt.%) of
commercially pure copper.
Cu Ag Fe Bi Sb As Pb S
Bal 0.035 0.05 0.001 0.002 0.002 0.005 0.005




UTS (MPa) EL (%) Avg. HV
AA5083 163.97 225.66 67.57 70
Copper 257.26 273.66 114.14 90j m a t e r r e s t e c h n o l . 
Ouyang et al. [18] studied the microstructural evolution
uring friction stir butt welding of AA6061-T6 to copper, in
hich the latter was placed on the advancing side (AS). As
 general note, they claimed that FSW of aluminium to cop-
er was difficult due to the formation of brittle intermetallic
ompounds (IMCs) which led to poor mechanical properties.
n their studies [18], the dissimilar mechanically mixed zone
.e. stir zone and thermo-mechanically affected zone (TMAZ)
xhibited a complex microstructure with several IMCs such
s Al2Cu, CuAl and Al4Cu9. However distinctive microhard-
ess levels were observed at the stir zone, and there was a
ack of further investigation on the joint mechanical prop-
rties. Abdollah-Zadeh et al. [19] studied the effect of tool
otational speed and tool traverse speed on the microstructure
nd mechanical properties of the joint by only considering the
ap configuration. The existence of Al2Cu, CuAl and Al4Cu9
MCs was also confirmed as in the aforementioned study [18].
he study [19] concluded that a suitable rotational to traverse
peed ratio resulted in maximising the joint mechanical prop-
rties. Furthermore, the relationship between IMC formation
nd joint mechanical strength has been investigated by Xue
t al. [20] at different tool offsets, tool rotational and traverse
peeds of dissimilar AA1060 aluminium to pure copper joints.
oticeable improvements in the ultimate tensile strength
UTS) were observed when the IMC  thickness increased, espe-
ially at the interface between the aluminium base metal
nd the stir zone. Their findings [20] were in agreement with
ther studies [21–24], whereas other published work [25,26]
roposed that the joint mechanical strength depended on the
olume fraction, geometry and distribution of the IMCs.
An additional key factor that affects the joint mechanical
roperties in FSW of aluminium to copper is the placement of
ach workpiece [27]. Numerous studies noted that defect-free
utt joints between aluminium to copper could be produced by
lacing the harder material (copper) on the AS [28–30]. Accord-
ng to these studies [28–30], placing the copper on the AS leads
o suitable mixing between the aluminium and copper since it
s easier for the softer material (aluminium) to flow. However,
ool offsetting towards either retreating or advancing side was
sually required to achieve defect-free joints [31]. The various
anges reported for the tool offsets resulted in this method
eing impractical for industrial use.
In contrast, other researchers reported that sound joints
ay be obtained by placing the softer material (aluminium)
n the advancing side [32–35]. For example, Tan et al. [32]
uccessfully joined 3 mm thick 5A02 aluminium to copper by
lacing the aluminium on the advancing side and negligible
ool offset towards the advancing side. Tool rotational speed of
100 rpm and 20 mm/min  tool traverse speed were the weld-
ng parameters that resulted in a high UTS of 130 MPa (75.6%
oint efficiency relative to the aluminium base metal). Accord-
ng to their findings [32], the presence of a thin and continuous
ayer of IMCs was observed at the aluminium/copper interface.
he formation of these IMCs was also detected inside the stir
one and resulted in an inhomogeneous hardness distribu-
ion across the weld. Further, they noted that a channel defect
eveloped at a higher tool traverse speed of 40 mm/min.
Despite the advantages on the joint mechanical proper-
ies when placing the softer material (aluminium) on the
dvancing side, limited research has focused on this con-Fig. 1 – Experimental set-up.
figuration. Additionally, the relationship between the IMCs
microstructure and the mechanical properties requires fur-
ther investigations. In this paper, the influence of tool
rotational and traverse speed on the joint quality has been
evaluated when placing the aluminium on the advancing side
and without introducing the complexities of tool offsetting.
Using this configuration, three parameter sets of rotational
and traverse speed were employed to investigate the relation-
ship between microstructure and mechanical properties.
2.  Experimental  programme
2.1.  Materials  and  FSW  details
A fully instrumented HT-JM16 × 8/2 static gantry FSW machine
was used to butt weld 150 × 50 × 3 mm thick AA5083 to com-
mercially pure copper plates along their lengths. A simple
high strength steel tool design was used for welding. The tool
pin diameter (Dp) and pin length (plunging depth, Pd) were
4.5 mm and 2.7 mm respectively, while the shoulder diame-
ter (Ds) was 18 mm.  The chemical compositions, as well as
the mechanical properties of the two materials are presented
in Tables 1, 2 and 3. A schematic illustration of the exper-
imental set-up is shown in Fig. 1. After preliminary trials,
defect-free joints were obtained when positioning the soft
11970  j m a t e r r e s t e c h n o l . 2 0 2 0;9(5):11968–11979








1 1000 80 12.5
2 1000 100 10
3 1000 120 8.3
4 1200 80 15
5 1200 100 12
6 1200 120 10
7 1400 80 17.5
Fig. 3 – Effect of tool rotational and traverse speed on8 1400 100 14
9 1400 120 11.7
material (AA5083) at the advancing side with 0 mm  tool off-
set, therefore, the main purpose of this work is to optimise
the process parameters when different rotational and traverse
speeds (/ ratio) are used (Table 4). During FSW, the tool was
tilted by an angle of 2.8◦.
2.2.  Metallographic  examination
Following welding, samples were metallographically prepared
using standard metallographic techniques. Etching was per-
formed using a solution of 1 g of FeCl3, 10 mL  HCl, and 100 mL
distilled water to first reveal the copper side, following which
the AA5083 side was etched for 60 s in a solution consisting of
1 g NaCl and 50 mL  H3PO4 dissolved in 125 mL  of ethanol, fol-
lowed by a 12 s step using Wecks’s tint (4 g of KMnO4 and 1 g of
NaOH dissolved in 100 mL  of distilled water). Thereafter, each
etched sample was examined with the aid of high-resolution
optical microscopy. In terms of compositional analysis and
phase identification, energy dispersive spectroscopy (EDS) and
X-ray diffraction (XRD) were performed at various locations of
the weld joint. XRD was performed with a 40-mA operating
current, 40-Kv voltage and 1.5406-Å Cu K radiation. A scan-
ning rate of 0.02 deg./step within the range of 20◦< 2< 100◦
was used throughout.
2.3.  Mechanical  testing
The joint mechanical strength was investigated in accordance
with ASTM-E8, details of which are shown in Fig. 2. The tech-
nique of hardness mapping was also employed to establish the
relationship between IMCs formation and joint mechanical
strength.
Fig. 2 – (a) Dimensions of the tensile sample as per ASTM E8 sta
direction at 1000 rpm and 100 mm/min.macrostructure.
3.  Results  and  discussions
3.1.  Weld  appearance  and  macrostructure
Table 5 shows the typical top surface weld appearance and
cross-sectional macrostructures of AA5083 to copper dissim-
ilar metal FSW joints at different welding conditions. The
symbols for each defect type relate to Fig. 3. As expected, the
weld surface quality is indicative of the tendency for volu-
metric defects to develop [26]. For instance, excessive flash
formation, as well as material discontinuity, will generally
suggest volumetric defects [29]. Fig. 3 summarises the effect
of tool rotational and traverse speed on the weld appearance
and macrostructure, in which AA5083 was placed on the AS
without tool offset. When the rotational speed varied from
1000 to 1400 rpm and the traverse speed was in the range
of 80–120 mm/min, visually acceptable welds with no surface
defects were obtained at the following specific parameter sets:
• Low rotational speed level of 1000 rpm at 100 mm/min  and
120 mm/min  welding speeds (10 and 8.3 / ratio) i.e. test
no. 2 and 3 respectively.
• Intermediate rotation rate level of 1200 rpm and 80 mm/min
(15 / ratio).
• High rotation rate level of 1400 rpm for the two  ranges of the
welding speed 80, and 120 mm/min  (17.5, and 11.7 / ratio),
respectively.
Parameter sets outside the above conditions led to an
uneven surface and the formation of defects such as macro-
cracks towards the retreating side (copper, Fig. 4 (a)), cavities
with a certain defect area on the cross-section less than 0.02
mm2 (Fig. 4 (b)), voids (Fig. 4 (c)) and tunnel defects in which
ndards. (b) Example of samples through the welding
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Table 5 – Weld appearance and macrostructure of dissimilar joints (marks as in Fig.3).
Symbol Defect Appearance and Macrostructure Microstructure
None –
Crack Fig. 4 (a)
Cavity Fig. 4 (b)
Void Fig. 4 (c)
Tunnel Fig. 4 (d)
Fig. 4 – Magnified views for different defects on regions marked in Table 5.
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Table 6 – EDS results at weld stir zone of Test no. 2.
Position Al Cu Non
equilibrium
solid solution
1 75.14 24.86 –
2 62.76 37.24 –
3 90.35 9.65 Al (Cu)
4 85.84 14.16 Al (Cu)
5 61.98 38.02 –
6 68.08 31.92 –
7 67.18 32.82 –
8 79.26 20.74 –





4 62.62 37.389 37.72 62.28 –
10 35.22 64.78 –
the defect area was larger than 0.05 mm2 (Fig. 4 (d)). Due to
the inappropriate material flow, these types of defects have
previously been reported [31], where the cracks are usually
related to the formation of large IMC  particles, cavities, voids
and tunnel defects.
3.2.  Microstructural  analysis
The weld mechanical integrity is directly related to the stir
zone microstructure. A classical “onion ring” structure is com-
monly found in the stir zone of similar material FSW joints
[23]. In dissimilar material FSW however, a swirl-like pattern,
banded or lamella structure, as well as vortex-type microstruc-
tures, are formed in the stir zone, TMAZ and also in the
heat-affected zone (HAZ) [31]. Fig. 5 (a) represents an example
of a typical cross-section of AA5083 (AS) to copper dissim-
ilar metal FSW joint welded at 1000 rpm and 100 mm/min.
Towards the aluminium side (Fig. 5 (b&e)), relatively small cop-
per particles were observed as regularly distributed between
the aluminium interface zone and the upper surface of the
stir zone. Fig. 5 (c&f) illustrate that at the stir zone, larger
copper particles (fragments) were stretched and irregularly
distributed along the stir zone and towards the bottom of the
interfacial region between the stir zone and the copper side.
The irregular copper particles created a lamella structure of
copper and aluminium at the bottom of the TMAZ towards
the copper side (Fig. 5 (d&g)).
EDS analysis was performed to reveal the variation on the
aluminium and copper content at 1000 rpm, 100 mm/min  and
10 /v (see Test no. 2 of Table 4). It can be revealed from Fig. 6
(a) and Table 6 that good intermixing between aluminium and
copper was achieved. Table 6 also shows the presence of dif-
ferent aluminium solid solutions at this low level of rotational
speed. Fig. 6 (e) presents an example of how the EDS analy-
sis was performed to capture the variation on the aluminium
and copper content. Unetched microstructures for the distinc-
tive regions from Fig. 6 (a): Al-stir zone (rectangular i), inside
the stir zone (rectangular ii) as well as Cu-stir zone (rectan-
gular iii), are presented in Fig. 6 (b), (c) and (d), respectively.
The dark shaded layers surrounding the copper particles and
fragments demonstrate the formation of the Al/Cu intermixed
region as shown by the arrows. This embedded layer was pre-
viously reported to accompany the formation of Al/Cu IMCs
[29]. Moderate stirring action was observed on the copper
particles and fragments, which indicates the absence of the5 67.38 32.64
6 33.72 66.28
composite-like structure under this condition. Additionally,
detached copper pieces failed to react with the aluminium
matrix on the advancing side resulting in the absence of any
lamella or banded structures at the interface zone.
A cross-section of an AA5083 to copper defect-free joint at a
higher level of rotational speed is shown in Fig. 7 (a), as-welded
at 1400 rpm and 80 mm/min  with AA5083 on AS and no tool
offset. Although three distinctive regions can still be observed
across the weld joint, these regions were completely differ-
ent from the example of lower welding speed, i.e. 1000 rpm.
The complex structure has formed in the aluminium side of
the interface and towards the stir zone as shown in Fig. 7
(b&e). Copper fragments were detached from the retreating
side and stirred with the aluminium matrix to create this com-
plex structure. A higher heat input is the reason behind this
complex structure, where the stirring action was insufficient
to create this structure at a lower level of rotational speed.
Evidence of the relationship between the heat input and the
plastic stirring action was also observed inside the stir zone in
Fig. 7 (c&f) and this resulted in the swirl and vortex-like struc-
ture. Unlike others [33–35], placing the copper on the retreating
side without tool offset produced a wider TMAZ at the Al/Cu
interface as illustrated in Fig. 7 (d&g).
Likewise, EDS was applied at different positions on the weld
zone as illustrated in Fig. 8 (a), where Table 7 summarises
the elemental compositions at these points, Fig. 8 (e) demon-
strates an example of these EDS points. Table 7 shows the
variation in Al/Cu contents as a result of good intermixing and
the absence of non-equilibrium solid solutions. An enlarged
view of rectangle (i) in Fig. 8 (a) is shown in Fig. 8 (b). A complex
structure can be detected from the unetched microstructure
of this region, and the chemical compositions of points 1 and
2 in Table 6 show slight variation in the aluminium and copper
contents. The composite like structure at the upper region of
the Cu-stir zone (rectangle (ii)) resulted in two  different con-
tents of Al/Cu as illustrated in Fig. 8 (c) and Table 7. The higher
heat input (1400 rpm) and the tool stirring action formed sim-
ilar variation in Al/Cu at the bottom of Cu-stir zone as shown
in Fig. 8 (d) of rectangle (iii). The dark shaded layers that sur-
rounded the copper particles and accompanied the formation
of Al/Cu IMCs are shown by the arrows.
3.3.  Interfacial  elemental  diffusion
The key factor to critically analysing the joint quality in FSW
of dissimilar aluminium to copper is by characterising the
structure of the interfacial region [31]. The elemental dif-
fusion and structure is able to confirm a reliable joint [20].
Fig. 9 (a) represents a magnified view of the interfacial region
between the aluminium and the stir zone of test no. 4 at
j m a t e r r e s t e c h n o l . 2 0 2 0;9(5):11968–11979 11973



























wc&f) stir zone. (d&g) interface zone towards the copper side.
200 rpm tool rotational speed and 80 mm/min  tool welding
peed as etched by the aluminium etching solution. Contin-
ous layers of refined aluminium grains are clearly observed.
opper particles with different sizes are diffused along with
he refined layers of aluminium as evidence of good metallur-
ical bonding. The resultant stir zone, as shown in Fig. 9 (b),
lucidates that the continuous interfacial layer subsequently
eads to the lamella structure that significantly improves the
oint mechanical strength.
The interfacial region formed a composite like structure as
 result of increasing the heat input, as shown in Fig. 9 (c) of
est no. 7 at 1400 rpm tool rotational speed and 80 mm/min  tool
elding speed. It has been reported previously [28] that the
esultant joint strength is greatly improved by this structure.
s it has been demonstrated in Fig. 9 (d), this composite like
tructure was also dominant inside the stir zone.
.4.  Intermetallic  phases
RD analysis was performed through the cross-sections to
dentify the phases present in the stir zone. Fig. 10 presents
he XRD patterns of three typical defect- free joints of test no.
, 4 and 7 of Table 4. The dominant IMCs on the stir zone of
A5083 and copper are Al2Cu and Al4Cu9, and these are con-
rmed from the three patterns, apart from the fact that AlCu
as only detected under test no. 7. According to the above
icrostructure analysis of test no. 2 and 7, it can be estab-
ished that the nature and quantity of IMCs are affected by the
eld conditions. Peak intensity changes by varying the weld-ing conditions, where 1000 rpm and 100 mm/min, 1200 rpm
and 80 mm/min  and 1400 rpm and 80 are the tool rotational
speed and tool welding speed of test no. 2, 4 and 7 respec-
tively. As observed, the peak intensity increases by increasing
the tool rotational speed. It has been previously reported [22]
that the variation of the intensity peaks is attributed to the
complex mixing between Al-Cu overall, where relatively high
intensity peaks indicate a higher IMC  quantity [34].
According to the Al-Cu phase diagram, the formation tem-
perature Al2Cu phase is relatively low [18]. Therefore, it is
expected that Al2Cu will be present in the stir zone as the
temperature during welding is known to reach 0.8−0.9 of the
aluminium melting temperature [26], i.e. exceeding the for-
mation temperature of Al2Cu. However, the IMCs cannot be
exclusively predicted on the basis of an Al-Cu phase diagram,
where the chemical reactions occurring during the FSW under
the thermal cycles are far from the equilibrium condition [18].
In the case of Al4Cu9, the thermomechanical effect of FSW
explains its formation at the stir zone, where the melting tem-
perature of this IMC i.e. 1030 ◦C [28] is higher than the peak
temperature during FSW.
3.5.  Microhardness  distribution
Fig. 11 demonstrates the Vickers hardness distribution pro-
files of dissimilar joints measured across and at the middle of
the weld cross-section. It is observed that the hardness value
increases significantly at the stir zone relative to the base met-
als due to the presence of the IMCs which are hard and brittle
11974  j m a t e r r e s t e c h n o l . 2 0 2 0;9(5):11968–11979
Fig. 6 – (a) SEM image and EDS points at the weld zone of Test no. 2. Magnified view of specific regions in Fig. 6(a): (b) region
i, (c) region ii, (d) region iii, (e) region i.
in nature [34], accompanied with the formation of very fine
recrystallised grains and copper-rich dispersed particles.
On the other hand, the combined effect of IMC formation
and grain refinement due to the recrystallisation increases
the hardness at the TMAZ. The HAZ in dissimilar FSW of alu-
minium to copper is mildly affected by the recrystallisation;
this reduces the hardness in both HAZ sides [31]. The hardness
variations are a direct result of the heterogeneous distribution
of IMCs along with the softer materials (aluminium or copper)
within the stir zone.
3.6.  Joint  mechanical  strength
The performance of the dissimilar joints has been evaluated
by assessing the tensile properties. Fig. 12 shows the yield
strength, UTS and joint efficiency at the conditions that devel-
oped defect-free joints. Unlike other published work [28–30],
placing the softer material (AA5083) on the advancing side
resulted in higher tensile strength. The increase in tensile
properties can be directly linked to the nature and quantity of
IMCs in addition to the evolved microstructure, where proper
material mixing is required to enhance the joint mechani-cal performance [4]. Moreover, significant improvements in
the joint tensile properties were achieved compared to other
studies that placed the softer material (aluminium) on the AS
[32–35].
It is revealed from Fig. 12 that the effect of the tool rota-
tional speed, in general, is higher than the effect of the
welding speed, as this increases the heat input and subse-
quently improves the level of inter-mixing. Increasing the
welding speed for the same level of tool rotational speed
results in minor improvements in the joint UTS. The evolu-
tion of the composite-like structure that was produced at a
higher level of tool rotational speed (1400 rpm) is the main
reason for this improvement. The benefits of this structure
on the joint strength have also been reported previously
[26].
One of the most important criteria to identify the weld
joint performance is by expressing the joint efficiency, i.e.
the ratio of the weld tensile strength to the workpiece tensile
strength, where a joint efficiency lower than 100% is generally
reported during FSW of dissimilar aluminium/copper joints
[31]. This efficiency is always relative to the lower UTS of alu-
minium base metal. In this work, high joint efficiency values
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Fig. 7 – (a) Typical cross-section of joint welded at 1400 rpm and 80 mm/min. (b&e) interface zone towards AA5083 side. (c&f)
stir zone. (d&g) interface zone towards copper side.
Fig. 8 – (a) SEM image and EDS points at the weld zone of condition no.7. (b) Enlarge view of regtanular i in Fig. 8 (a). (c)
Enlarge view of regtanular ii in Fig. 8 (a). (d) Enlarge view of regtanular iii in Fig. 8 (a). (e) Enlarge SEM image of regtanular i
in Fig. 8 (a).
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Fig. 9 – (a) Interfacial microstructure of the joint produced at test no. 4. (b) Lamella structure inside the stir zone at test no. 4.
(c) Interfacial microstructure of the joint produced at test no. 7. (d) Composite like structure inside the stir zone at test no. 7.
Fig. 10 – XRD patterns acquired under tests no. 2, 4 and 7.
j m a t e r r e s t e c h n o l . 2 0 2 0
Fig. 11 – Hardness distribution under tests no. 2, 4 and 7.





• The volume fraction of the IMCs inside the stir zoneelding conditions.ere achieved at the conditions that yielded defect-free joints.
p to 94.8% joint efficiency was calculated at 1400 rpm and
20 mm/min, which is higher than the previously reported effi-
Fig. 13 – Fratography of the welds at te;9(5):11968–11979 11977
ciency of 75.6% when considering the softer material on the
advancing side [32].
The typical fracture surface for three different welding
conditions is shown in Fig. 13. Failure occurred at the AS-
TMAZ at the relatively low rotational speed of 1000 rpm and
100 mm/min  welding speed (Fig.13 (a&d)). The failure location
gradually shifted to the AS-HAZ by increasing the rotational
speed as in Fig. 13 (b&e) and (c&f) of 1200 rpm-80 mm/min
and 1400 rpm-80 mm/min, respectively. This change in failure
location, shifting away from the weld zone and towards the
AA5083 parent material is in full agreement with the gradual
increase in joint efficiency, as displayed in Fig. 12.
4.  Conclusions
FSW of AA5083 to commercially pure copper was experi-
mentally investigated and the conditions that resulted in
successful joints were identified. The following conclusions
are drawn from the results of the present study:
• A successful weld joint between the two dissimilar mate-
rials has been achieved at different rotational and traverse
speeds, where the harder material (copper) was placed at
the retreating side without any tool offset.
• An inhomogeneous microstructure was observed inside
and on the interfacial zone, when copper particles detached
and intermixed with the aluminium matrix.
• A composite like structure was observed at a higher level of
rotational speed and lamella or dispersed structures were
found at the low level of rotational speed.
• The predominant intermetallic compounds at the
aluminium-copper joint were Al2Cu and Al4Cu9.increased by increasing the tool rotational speed as con-
firmed by the high XRD peak intensities and higher
hardness values.
sts no. 2 (a&d), 4 (b&e) and 7 (c&f).
 o l . 2
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• The UTS reached 203 MPa,  representing a joint efficiency of
94.8% of the aluminium alloy as a result of the composite
like structure and of an excellent metallurgical bond.
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